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RESFEARCH MEMORANDIM

CORRELATTION OF ANALOG SOLUTIONS WITH EXPERIMENTAL SEA-LEVEL
TRANSIENT DATA FOR CONTROLLED TURBINE-PROPELLER ENGINE
INCLUDING ANALOG RESULTS AT ALTITUDES

By Jemes lazar and Wilfred L, DeRocher, Jr.

SUMMARY

A satisfactory correlation was obtalned betwsen experimental sea-
level transient data at constent flight epeed and solutions from the
analog representation, The analog representation is accomplished by
transfer functlons that were formed from a frequency-response analysis
of the experimental translent data as obtalned from the controlled
engine. Thig snalog representation was then used to compute system
regponse gt altltuds,

The engine-~control system wlith an underdamped sea-level turbine-
gpeed response and fixed-control constants resulted 1n an oscillatory
system at 35,000 feet. Variation of control constants toc maintailn
sea~level turbine-gpeed response at all altitudes resulted in large
blade-angle initlal overshoot at 35,000 feet. Thils large blade-angle
overshoot may result 1n over torgue at 35,000 feet if the sea-level
overshoot approaches maximum ellowable torgue. Variation of control
constants to maintaln system loop gain and ratio of englne time
congtant to conbtrol tlme constent at sea-level values resulted in a
gimilar initial turbine speed and blade-angle overshoots at 35,000 feet,
but in an Increase 1n the time required for turbine speed to first
reach lts final valus.

INTRODUCTION

Early flight tests of controlled turbine-propeller englnes indi-
cated that a controlled engline system that 1s stdble at low altltudes
end low flight speeds 1s not necessarily stable at high altitudes and
high flight speeds (reference 1). In collaboration with the Air
Materiel Command, U. S. Air Force, an investigation was Initiated at
the NACA Iewls laboratory to study reasons for the trend toward
ingtability with increase in altitude end flight speed, to provide
a means for predicting the altitude behavior on a controlled turblne-
propeller engine, and to indicate means for avolding instebility at

altitude or high flight speed.

SN UNCLASSIFIED
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In order to accomplish the objectives of this progrem, the Ailr
Materiel Command provided the NACA with turbine-propeller engines and T
geveral types of control system. The first phase of this engine
investigation showed that the dynamic relation of turbine speed to
fuel flow or blade angle is approximately a first-order lag and that
linear differential equations are applicable over the mea-level
gtatic operating range of the T31l-l turbine-propeller engine
(reference 2).

211!

Thig report presents the correlation of anmlog sclutions with
experimental sea~level transient data Ffor the Aeroproducts AT-1
(modified) conbtrol on the T31l-l engine and analog results for alti-
tude conditions at zero ram. The control varies blade angle to
obtain a desired turblne speed whlle the power output of the engine
ig varied by adjusting the engine fuel flow. The control ls essen-
tially integral plus proportionsal in action and was modified by the
menufacturer at the request of the NACA so that the amount of
Integral and the amount of proporticnal action could be varied.

Tranglent-responge data for the engine and the control were
obtalned from operation of the controlled engine system in a sea-
level static test stand. A transfer~functlon representation of each
of the loop components was determined from analysis of the transient
data. These component transfer functions were used to represent the
gystem on an analog and because the comparison of analog solutions
and experimental data was satisfactory, the transfer functions were
uged to study the altlitude response of the system. The anslog repre-
sentatlion was first used to investigate the effect of altitude on the
controlled engine system with fixed control constants. In addition,
two methods of varying the control constants to compensate for the
effect of altitude on the system were studied.

APPARATUS AND INSTRUMENTATION

Engine .
Type Turbine propeller, T31l-1 . C
Compressor o ) . Axial flow -
Burner sectlon Nine reverse-flow combustion T
chambers
Turbine Single stage, mixed flow
Exhaust nozzle Fixed area
Speed range 11,000 to 13,000 rpm

Maximum turbine-outlet temperature 1265° F
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Type
Diameter
Beta arm

Action

Pitch~change mechanism

Type

Action

Control mechanism
Modifications

YD : 3

Propeller

Aeroproducts AS542F-17

12 feet, 1 inch

Input lever for propeller-pitch-
change mechanism

Proportional relation between beta
arm and blade angle

Hydraulle, self contalned

Control

Aeroproducts AT-1 (modified)
Proportional plus integral
Hydraulioc, self contained
Proportional and integral constants
were provided with range of
ad justments by Aeroproducts Divi-
sion of General Motors Corporation

Steady-State Instruments

Turbine speed

Engine fuel flow
Propeller~blade angle
Speed-setting-lever position

Load torque

Turbine-cutlet temperature

a-c. tachometer generator coupled
to drag-type tachometer indicator;
maximum error i1/3 of 1 percent
for full scale

Calibrated A.S.M.E. sharp-edged
orifice with bellowe-~type differ-
entlal pressure gage; maximum
error +l1 percent of full scele

Position circuit (fig. 1); maximum
error +1/2°

Position circuit (fig. 1); maximom
error 1 percent of full scale

01l pressure of self-balancing
hydraulic system, which acts on
ring gear in reduction unlt; max-
imum error i1 percent of full scale

Chromel-alumel thermocouple; maxlimum
error +20° F



4 S NACA RM E51B08

Transient Instruments

Turbine speed d~c. tachometer generator with £il-
ter circuit to oscillograph gal-
vanometer; bresk frequency of f£il-
ter circuit, 0.53 cycle per second

Engine fuel flow Position circuit (fig. 1); potenti-
ometer connected to polnter of
differential pressure gage con-
nected to A.S.M.E. sharp-edged
orifice; natural freguency,

10 to 15 cycles per second

Propeller-blade angle Position circuit (fig. 1); potentil-
ometer connected to blade shank;
slip-ring device used for elec-
trical comnection; natural fre-
gquency of oscillograph element,

40 cycles per second

Speed-setting-lever position Position circuilt (fig. 1); natural
frequency of oscillograph
element, 40 cycles per second

Propeller-input-lever (beta arm) Position clrcuit (fig. 1); natural

position frequency of oscillograph
element, 40-cycles-per—-second
Turbine-outlet temperature Chromel-alumel thermocouple; break
frequency, 0.1 cycle per second
Trangient-data recorder Photorecording oscillograph with crit-

ically damped 40-cycles-per-second
galvanometer elements (changes
recorded from initial operating
point). BEach oscillogram was cali-
brated by photographs of steady-
state instruments taken before
and sfter each run.

Time scale 10 cycles per second; voltage from
audio-oscillator. Checked by
60 cycles-per-second line frequency.

DETERMINATION OF TRANSFER FUNCTIONS

For purposes of analysis, the engine and the control system are
represented by the block diagrem of figure 2. All symbols are defined
in the appendix. Each of the system components, control, propeller-
pitch-change mechanism, engine, and speed-measuring instrument, are
indicated by & block. In each of the blocks, the transfer '

¥ite
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function KG(iw) relates the output to the input of that partlcular
block (referemce 3). Speed error is formed by a comparlson of
required speed and measured speed. The power output of the engine is
varied by the engine fuel flow. .

The determination of the transfer function for each component
of the control system wee necessary for the analog studies. Three
gteps were used to determine the transfer functions: obtaining con-
trolled engine experimental transient-response data, harmonic anal-
¥sis and frequency-response caloulations, and Pitting the transfer
functions to the frequency-response data. )

Transient response of controlled system to disturbances in
speed settling. - It was deslired to determine the transfer functions
of speed to blade angle, blade angle to beta arm, and beta arm to
speed error. Transient changes iIn turbine speed, blade angle, beta
arm, and speed settlng were recorded on a photorecording oscillograph
for ramp-type disturbances in speed setting. The engine fuel flow
wag maintained constant throughout these runs. These transient data
wore obtained for various values of the lntegral and proportlonal
control constants,which could be wvaried iIndependently by two =sorew-
type adjustments. An example of a transient run 1s shown in
figure 3, which includes the 1l0-cycle-per-second timing marks.
Contact with successive turms on the winding of the potentlometers
created the mmltitude of small steps In the traces of speed setting,
blade angle, and beta arm. The tempsrature trace is not sufficiently
accurate to be useful because of the low senslitivity.

Harmonic anslysls and frequency response. - In order to deter-
mine the transfer function of each system compoment (fig. 2), the
frequency characteristic of each component was formed. The trans-
formation from the time domain to the frequency domain was accom-
plished by harmonlc analysis. Methods of harmonlc analysis that are
used Iin this report and that apply to gas-turbilne engines are dis-
cusged in reference 4. For this partlicular work, the integrals of
the harmonic analysis were evaluated using Blckley's approximation
formula for six differences with an IBM digital computer.

Results of the hexmonic analysis of the input and ocutput to each
component are combined to compnte the frequency characteristic. The
frequency characteristic mey be represented by the amplitude ratio
and the phase angle of the output wlth respect to the iInput of the
component as a function of frequency. The phase angle and the log-
arithm of the amplitude ratio were plotted against the logarithm
of the frequency for each of the components,as is shown in figure 4.
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Frequency~response data for the engine and the speed-measuring instru-
ment are shown in figures 4(a) and 4(b), for the propeller-pitch-
change mechanism in figures 4(c) and 4(d), and for the control in
figures 4(s) and 4(f). Figure 4 is discussed in greater detall in
the next sectlon.

Transfer functions of system components. - A transfer function
may be consldered as a functlon of frequency and thus a frequency
characteristic can Pe prepared for each transfer function. Conversely,
each frequency characterlstic may be represented by a transfer function.

For the engine and the speed-measuring insgtrument, the frequency
characteristio as defined by the data points in figures 4(a) and 4(b)
Indicates that the transfer function may be two lags in series. The
form of the transfer function is

[o(w)] J[Re(w]] . = ( 1+;f§»)(1+?rw) (1)

From equation (1), the amplitude ratio A and the phase angle ¢
written as functions of frequency w are

_ 1 1
A KQK};/ (}_+‘Te 2(»2) ( 14T rzwz) (2)

-“(Te""rr)

2
1I-TTaw

and

¢ = tan~i (3)

Equation (3) may be written for values of W at =-45° and at -90°
from figure 4(b) and the two simnltansous equations solved for engine
and speed-measuring time constants, T, and T,, respectlively. The

value of speed-messuring-instrument gain Kr ie 1 so that the steady-
state value of the measured turblne speed N, 1is the actual turbine
speed Ng. The engine gain K, 1s the ratio of the steady-state

change in turbine speed to the steady-state changse in blade angle 8.
The negative sign before K, in equation (1) is the result of an

increase in speed due to a decrease in blade angle. Equatioms (2)
and (3) with appropriate values of the constants have been plotted
as the dashed lines in figures 4(a) and 4(b), vrespectively. For
frequencles less than 2 radlans per second, the variation between
the experimental frequency characteristic and the transfer-function

2114
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approximation is in the order of 2 percent in the amplitude ratio
against frequency plot (fig. 4(a)) and in the order of 4° in the
phase angle against frequency plot (fig. 4(b)). Reference 2 and
more recent data Indlicate that the transfer Pfunction of turbine
speed to blade angle 1s a first-order lag, thus the second lag is
ettributed to the speed-measuring instrument.

The action of the propeller-pltch-change mechanism is such
that & position of the input (beta arm) results in a corresponding
position of the output (blade angle). An examination of transient
data indicated that the propeller-pitch-change mechanism had a dead
band and also & lag due to the hydraunlic amplifier. The dead-band
effect can be observed In figure 3 where the blade angle does not
move untlil the beta arm has arrived at some value. As these non-
linearities are not easlly represented, & first-order lag

K
Eﬂ}(ﬂ»ils = T:Egga was agsumed to represent the transfer function
for the progeller-plich~change machanism. The variation in time
constant for & series of runs was determined using the 22.5° point
on the plot of phase angle against fregquency. The time constant
fell in the range of 0.2 to 0.45 second with 0.3 second as an
average. The propeller-pitch~changs-mechanism gain KB was made

unity so that the units could all be comblned in the proportional
and integrel constants of the control. The fregquenoy characteristic
of the propeller-pitch-change-mechanism transfer functlon approxima-

tion [KG(1w)) ﬁ’i’;’f‘é‘ﬁ' 1s plotted as the dashed lines of

figures 4(c) and 4(d). TFor frequencies less than 2 radians per
second, the varlatlon between the trensfer-function approximation
and ths frequency charecteristic is of the order of 20 percent for
the amplitude ratio against frequency plot in Pfigure 4(c) and of
the order of 8° for the phase angle against freguency plot of
figure 4(d).

The data points in figures 4(e) and 4(f) define the frequency
characteristic of the control and indicate thet the form of the
control transfer function should be integral plus proportional,
that is,

Ks 1
[Re(w)] 4 = -(Kp»fm) = -Kp(l-}?c_w) (&)
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where the control time constant T, 1is equal to control proportional
congtant Kﬁ divided by control Integral constant K5+ From equa-
tion (4), the amplitude ratio and phase angle are

2
A K2k (s)
and
¢ = ta‘n-l-?—l’—(; - . (6)

The amplitude ratio approaches Kb as W approaches infinity.
The value of Kp is taken as the value of the amplitude ratio at the

higher frequencies of Figure 4(e). Scale factors for the amplitude
ratio are determined from the calibration of the experimental transisnt
runs. Also from equation (5), the amplitude ratio ie approximately
equal to K;/w for low values of frequemcy. For a value of

determined from the high frequencies in figure 4(e) and a value of Ky

determined from the low frequencies in figure 4(e), the resulting fre-
quency characteristic of the tramnsfer function did not agree too well
with the experimental frequency characteristic as defined by the data
points in figures 4(e) and 4(f). An exsmination of the accuracy of
the method used to compute the experimental frequency characteristic
of figures 4(e) and 4(f) indicated that inaccuracies were more prob-
able 1n the low-frequency range. These lnaccuracles are due %o the
fact that a small error In elther speed setting or turbine speed,
when these guantitlies are approximately equal, means a largs error

In their difference. Because of this inaccuracy, the dotted lines

of figures 4(e) and 4(f) were cbtained by substituting other values
of K; 1into equations (5) and (6) until a reascnable approximation

wag found. For frequencies less than 2 radlane per second, the
varlation between the transfer-function approximation and the exper-
imental frequency characteristlic is of the order of 20 percent for
the amplitude ratio against frequency plot in filgure 4(e) and of
the order of 14° for the phase angle against freqQuency plot in
figure 4(f).

Range of control constants. - It 18 possible to adjust inde-~
pendently the values of the Integral and proportional constants for
the control by two screw-type adjustments. The proportlional setting
is defined &s the number of turns of the adjusting screw from its
full-out posltion and ths Integral settlng is deflned as the number

¥ite
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of turns of the adjusting screw from its full-in position. Several
runs were made at each setting of the control adjusting screws. The
results of these runs are presented in the control calibration curves
(figs. 5(2) and 5(b)). The proportional constant may be varied from
approximately 0.004° to 0.0085° per rpm and the integral constant
from approximately 0.0025° to 0.0061° per second per rpm. For any
position of the contrel adjusting screws, the values of the propor-
tional and lntegral constents may vary as much as 15 percent from
the values as given by ocurves in figure S. This error is due in
part to a steady-state instrumentatlon error of ;110 percent of the
transient change and in part to an inability to measure the actual
input (speed error) to the control.

COMPARTSOR OF ANALOG SOIUTIONS WITE EXPERTMENTAT. DATA

The transfer functlions were used as a basis to form an analog
of the system. Analog sclutions were obtalned for comperison with
experimental tranglent data to determine the wvalidity of the repre-
sentation.

An electronic-type analog was used in thls study. The analog
block dlagram is similar to the control-system block diagram presented
in figure 2. Scale factors were determined from the criterion that
loop gaing for the real and analog systems be identical. The max-
Imum time for the analog to complete a solutlon determined the time
scale factor. Analog solutlions are displayed in the form of traces
on a cathode-ray oscilloscope with time as the abscissa and a system
parameter as the ordinate.

A comparison of computed and experimental transient response
data is shown in figure 8. For the experimental transient data

. (figs. 6(a) and 6(b)), the control conetants were set close to

thelr maximum values and for the experimental transient dats
(figs. 6(c) and 6(d)), the setting was close to minimum values.
The transfer functione and thelr constants for the analog solutions
of figure 6 were determined by the preceding method from the
experimental transient data. In all cases, the number of oscilla-
tione and the percentage overshoot of the analog sclutions and the
experimental translient data were similar. The deviatlon of the
analog solutlons from the experimental data is partly due to the
nonlinearities of the propeller-pitch-change mechanlsm. One of
these nonlinsarities 1s indicated in the photorecording oscillo-
graph trace of figure 3 as the time elapsed from the initial beta-
arm movement to the initial blade-angle movement. If the analog

(s}
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solutions are translated to the right by the amount of this elspsed
time, about 0.3 second, a much betiter agreement between the analog
solutlons and the experimental transient data will be obtalned.

As the agreement between the analog solutions and sxperimentsal
transient data Is considered to be satisfactory, an analog investi-
gation of response at altitude could be mede.

ALTITUDE RESPONSE OF CONTROLLED SYSTEM

For the englne, there are two factors that vary with altltude
under conditions of constent flight speed: (1) the engine gain
factor, end (2) the engine time constant. The engine time constant
has been shown anslytically to very with altitude pressure and tem-
perature (reference 5) in accordance with the following relation:

Ne

Te =Te,corr —§

©

where 7T, 1s the engine time constent for eny altitude, Te,corr
is the time constant for NACA standard sea-level conditions, 9 is
the temperature ratio, and O 1is the pressure correction factor.
This relation has also been experimentally verified at this labor-
atory. Correctlion factors are also applled to the engine gailn as
follows I

X o Meorr _an 1 _Eo
os0rr T Rp o A BF AR

or
Ke = Ke,corr AP

where K, 18 the engine gain at any altitude and Ke,corr is the

engine galn at NACA standard sea-level conditions. Based on NACA
gtandard altitnde tables, the variation in engine time constant
from sea level to 35,000 feet 1s 371 percent of its sea-level valus,
whereas the variestion in engine galn factor from sea level to
35,000 feet is only 13 percent.

For analog studies, a single sea-level value of engine time
constant was considered. This requires an examination of the
values of the engine time constant throughout the sea-level oper-
ating range of the engine. Sea-level equilibrium characteristice
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of the T31-1 engine wilth the Aeroproducts AS542F-17 propeller are
shown in filgure 7 where load torque, referred to the turbine, is
plotted against turbine spsed for lines of comstant blade angle

and for lines of constant fuel flow. The acute angle between the
intersection of a line of constant fuel flow and & line of constant
blade angle has bsen shown to be indicatlve of the englne time com-~
stant (reference 2). It can be seen that variation of this angle is
less than two to one; thus the variation of the engine time constant
will also be in the order of two to ome. As the variation in engine
time constent is not large, a representatlve value of 2.9 seconds was
chosen and a glngle study performed for thls operating point.
Another factor is that fuel-flow disturbances are not considered In
the analog studles because the stebllity of a linear system may be
studied by means of elther fuel flow or speed-setting disturbances.
In thls report, only speed-setting disturbances were lnvestigated.

Altitude pressure and temperature were not sensed by the
original control component, thus the control constants do not vary
with altitude. In order to Investigate the condition of control
constants inveriant wilth altitude, analog solutlions for turbine-
speed and blade-angle response were obtained for sea level,

25,000 feet, and 35,000 feet.

The system response was alsc Invesgtligated for two methods of
control compensation at 35,000 feet. These two methods of control
compensation are: (1) control constante varied to maintaln the
sea-level turbine-speed response at all altitudes, and (2) control
constants varied to maintain the sea-level loop gain and the ratio
of engine time constant to control time constant at all altitudes.

Control constants Invariant wlth altitude. - The control con-
stants were not deslgned to vary with altitude or flight speed, thus
the system response was Investigated for the condltion of fixed
control constants assuming constent £light speed. For thls condi-
tion, only the engine gain factor and englne time constant vary
wlth altitude. The valuss of the component constants and the
response of turblne speed and blade angle to & sudden change in
speed getting for the three altitudes are shown in figures 8(a)
and 8(b). The system becomes more oscillatory as the altitude
is increased as shown in figure 8(a), and the initial turbine-
speed overshoot at 35,000 feet lsg twice the initial overshoot
at sea level, In addition, as the altitude increases from sea
level to 35,000 feet, the time for turbine gpeed to initlially
reach its flnal value Increeses from 1 second to 3.5 seconds and
the time for turbine speed to settle out at 1ts £inal value
Increases from 12 seconds to 65 seconds, The blade-angle response
curves of figure 8(b) show the same forms of oscillation as the
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speed response curves; also, the inltlal ovarshoot at 35,000 feet is
approximately twice the initial overshoot at sea level. Varlation in
the final value of blade engle 1s due to the change in the engine gain
factor with altitvde., It should be noted that the effect of variation
in flight speed is not considered in this report.

An englne and control system, if opersted as shown by the turbine-
speed and blade-angle responses of figures 8(a) and 8(b) for
35,000 feet, could be seriously damaged, particularly when operated
neer the speed limit., Thus, this system with an underdamped sea-level
turblne-speed response and fixed control constantes may result in an
unsafe system at 35,000 feet, If the control constante had been
chogen to glve a sllightly under-damped system at 35,000 feet and were
inveriant with altitude, then an overdamped system with a very long
time to reach its final value would result at sea level.

Control constante varled to maintain sea-level turbins-speed
rogponse at-all altitudes. - One of the primary difficulties with the
sygtem when the control constants were flxsd was the wldely varing
speed response with altitude under conditlions of constant flight
velocity. Because of this veriation in epeed response wlth fixed
control constants, an investigatlon was conducted to determine the
values of control canstants that would result in sea-level turbine-
gpeed response at 35,000 feet, The values of loop constante and the
turbine-speed and blad.e-angle respcnses for 35,000 feet are shown in
figures 9(a) and 9(b) as curve 2. Turbine—speed. response ag shown
by curve 2 (fig. 9(a)) is identical to the sea-level turbine-speed
responee, curve 1, However, the blade-angle response as shown by
curve 2 is very different from the sea-level blade-angle respomse,
curve 1 (fig. 9(b)). The blade-angle initilal overshoot is 650 per-
cent of final blade~engle change and the blade-angle initial undershoct
1s 100 percent of final blade-angle change at 35,000 feet, These high
values of blade-angle overshoot and undershoot could. result in exces-
sive torques and possible damage to the reduction gearing. At
increased altitudes, however, an increase in blade-angle overshoot
over that at sea level can be tolerated because of altitude density

reductlians,

The advantage of thils system is the identlcal speed response at
all altitudes. The disadvantages are the excessive blade-engle Initial
overshoot and initial undershoot at high altitude and the complication
of additional sensing and computing equipment in the comtrol to atiain
the altitude compensation.

Control constant varied to malntain see-level loop galn and ratio
of engine time conatant to control time constant at all altitudes. -
Another method of altitude compensatlon Investigated was the condition
of fixed loop gein and fixed ratio of engine time comstant to control

14//7
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time constant., In general, if the loop galn and the time con-

stant ratlio are fixed, then the response will be similar at all
altitudes. However, at an altitude of 35,000 feet, the propeller-
pltch~change-mechanism lag and the turbins-speed-recording lag become
ingignificant with respect to the lncreased engine and conbtrol time
constants, and the response 1ls less oscillatory at 35,000 feet than at
sea level. The values of the loop constants and the turbine-speed and
blade-angle responses for 35,000 feet are shown in figures 9(a) and 9(b)
as curve 3. :

The inltlal overshoot of the speed response at 35,000 feet as
shown by curve 3 1s less than the initlal overshoot of the speed
response at sea level, as shown by curve 1 (fig. 9(g)). However, the.
time for turbine speed to initlally reach its final value at
35,000 feet 1s about 3 seconds as compared to only about 1 second &t
gea level. The Initlsl blade-angle overshoot at 35,000 feet 1s 110 per-
cent of the final blade-angle change as shown by curve 3 and 140 percent
at sea level, curve 1 (fig. 9(b)). The disadventages are the increasing
rise time from sea level to 35,000 feet and the nsed for altitude
sensing and computing equipment, A faster rise time may be achlieved at
35,000 feet 1f a more osclllatory system cen be tolerated at sea level,

SUMMARY OF RESULTS

An anslog representation of a turblne-propeller englne and control
systen was formulated from sen-level statlic experimental transient
data, A satisfactory correlatlion was obtalned heitween analog solutlons
and the sxperimental transient date. The analog representation was
used to compute system response at altltude from which the followlng

conclusions may be drawn:

1, The actual englne-control system with an underdamped turbine-
speed response at sea level and fixed control constants resulted in
twice the initisl turblne-speed overshoot at 35,000 feet as at sea-
level and the time for turbine speed to settle out at its £inal wvalue
increased from approximately 12 seconds at sea level to sbout -

65 seconds at 35,000 fest.

2. Variatlon of control constants to maintaln sea-level turbine-
gpeed response st all altitudes resulied in the inltial blade-angle
overshoot increasing from 140 percent of final blade-angle changs at
gea level to 650 percent at 35,000 feet,

3, Varlation of control comstants to maintain system loop gain
and ratio of engins time constant to control time constant at sea-level
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values resulted in similar initisl turbine-speed and blade-angle over-
shoots at all sltlitudes, but an Increase In the time required for
turbine gpeed to first reach ite finsl valus from 1 second at sea
level to 3 meconds at 35,000 feet, However, If a more oscillatory
system may be tolerated at 35,000 feet, thls method may be modified
to provide a faster rise time at 35,000 feet.

Lewis Flight Propulsion Iaborstory,
Natlional Advisory Committee for Aeronautlcs,
Cleveland, Ohilo,
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[Ko(1w)
[ke(1w] ..
[Ke(1w) g

G(iw)

APPENDIX - SYMBOLS
amplitude ratio, |KG(1w)|

control transfer functlion

engine transfer function
speed-measuring-instrument transfer function
propeller-pitch-change-mechanism transfer function

function of iw representing time dependent part of
transfer function

constant or frequency invariant portion of transfer function

engine gain, rpm/deg B

deg B/sec

control integral comstant,
rpm

control proportional constant, deg B/fpm
speed-measuring-instrument gain, rpm/rpm
propeller-plitch-change-mechanism gain, deg B/deg B
actual turbine speed, rpm

measured turbine speed, rpm
turbine-speed setting, rpm

load torque referred to turbine, ft-1b
fuel flow, lb/hr

imaginary number, 12 = -1
propeller-blade angle, deg

propeller beta arm, deg
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e - temperature corrsection factor,
amblent static temperature
NACA standard sea-level temperature
o) pressure correction factor, E
. amblent astatic pressure ™
NACA standard sea-level pressure
) hase angle tan~1 imaginary pert of XG(iw)
P : ’ real part of KG(iw)
Te control time constant, sec
To engine time constant, sec
T speed-messuring time constant, sec
TB propeller-pitch-change-mechanism time constant, sec
w frequency, radians/sec
Subscripts:
corr altitude corrected value
REFERENCES
l1. Davis, Frank W.: Problems of Gag-Turbine-Propeller Combina-
tlons. Aeroc. Eng. Rev., vol. 7, no. 4, April 1948, pp. 30-38.
2. Taylor, Burt L., III, and Oppenheimer, Frank L.: Investigation
of Frequency-Response Characteristics of Engine Speed for a
Typical Turbine~Propeller Epgine. NACA TN 2184, 1950.
3. Brown, Gordon S., and Campbell, Donald P.: Principles of Servo-
mechanisms. dJohn Wliley & Sons, Inc., 1948.
4. IaVerne, Melvin E., and Boksenbom, Aaron S.: Frequency Response
of Linear Systems from Transient Data. WNACA Rep. 977, 1980,
(Formerly NACA TN 1935,)
5. Otto, Edward W., and Taylor, Burt L., III: Dynamics of a

Turbojet Engine Considered as & Quasi-Static System.
NACA TN 2091, 1950.
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Figure 1. - Schematic diagram of typloal steady-state and
transient position meapuring clreult,
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Cantrol Propeller- Engine Speed -
pitch-changs measuring
mechanlsm ipetrument
B B N
2—t [k6(10]] > = [Ro(iaf], |
[KI:-(iw)]B
Wg —>

Figure 2. - Block diagram of turbine-speed - blade-sngle control on turbine-propeller sngine for
analysls and analog studies.
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Turbine-specd metblng, Ny

Tuxrblns-catlet temperatnre

1000° ¥

10=0ps timing signal
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Fimre 3. - Typical transient recording showlng system respouses to ramp-type disturbance in epeed setting with conwtant fuel flow for

tarbine-propeller engins and turbine-spesd - blade-angle control aystem.
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O Harmonio apslysis of translent data
800
~=—~= Transfer functlon K, K, )
800 approximation, [_Kﬂ(iu))]e [m(iw)]r = (l+iTgw)(1+1Trm
- =218 1
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Frequenoy, W, radians/sec W

(a) Eogine and speed-measuring instrument empliinde ratic relation.
Flgure 4. - Frequenoy characteristic of system components as determined from barmonic analysis of
experimental transiemt response to ramp-type disturbances in speed setting with constant fuel

flow and as approximated by tranafer functlons for turbine-propeller engine and turbine~-speed -
blade-angle comtrol system,
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{b} Engine end apsed-messuring ingtrugent phase angle melatien.

Fgure 4, - Conbinued. Frequency charactaristlo of system oopopsnte as determined from harmonic znalysis of erperimantal
trensient response to ramp-type disturbances in speed setting with cousteant fuel flow and as apprarimeted by tranafexr
functions for turbins-propeller engine and turbine-spoed - blade-angls comtrol system.
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8 O THarmonic analysis of transient data Xy
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Frequency, w, radians/sec

(c) Propeller-pitch-change mechaniem amplitude ratic relation.

Figure 4. -~ Continued. Frequency characteristic of system components as determined from
harmonlc apalysis of experimental transient reaponse to ramp-type disturbances in speed
setting with constant fuel flow and as approximated by transfer functione for turbine-

propeller engine and turbine-gpeed - blade-angle control systen,
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Frequency, @, radians/sec

(4) Propeller-pitech-change mecheniem phase angls relatlon.
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O Harmon{c analysis of transient data K
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Flgare 4. - Continued, Frequency charmoteristic of aystem components as determined from harmonioc analysis of sxperimental
transient response to ramp-type disturbences in apesd setting with constant fusl flow and a3 approximated by tranefer
functions for turblne-propeller engine and turbine-spesd - blade-angle scmtrol mystem.
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4 0 Harmonio analysis of transient data K
Transfer function approximation, [KG(iu))]c = - (Kp + -1-‘-;))
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(e) Control amplitude ratlo relation. AR

Pigure 4. - Conbinued. Frequency charecteristlc of system components as determined from
barmonic analysis of experimsntal transient responee to ramp-type disturbances in speed
getting with constant fuel flow and aa approximated by transfer functions for turbine-
propeller engine and turblne-apesd - blade-angle control system.
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(f) Oontrol phase angle relation.

AR

apd as approximated by tranafer

Flgure £, - Concluded, Frequency charncteristic of systam oomponents as determined from harmonic analysie of sxperimental
transient response to rewp-type diaturbances in apeed setting with congtant fuel flow
functions for turbins-propeller engine and turbins-spesd - blade-angle comtrol syetem.
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Tarns of control adjusting screw from full-out position

(a) Proportional constant K,
Figure 5. - Calibration of turbine-sveed - blade-angle control.
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Flgurs 5. - Conoluded. Calibration of turbine-spesd -~ blade-angle comtrol.
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(a) Turbine spesd. K, 0.0084 deg B/rm; Xy, 0.0088 (dog B/xec)/rmm; T,, 1.25 meoj tmrbine-spood changs, 11,940 to 12,410 rpm;

blade-sngls change, 30.3° to 28.1%; lond-torgme change, 504 to 455 foot-pounds,
Flgzw 6. - Conperison of experimental transisnt respmee and somlog solntious to reap-type distorbances in speed setting with constagh
(Analog solution doterwdnad from hermemio

fuel flow for trbive-propeller sngins and fwurbine-spesd = blede-angle control ayaten.
analyais snd trensfer funotion epproxciwstian.)
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(b) Blede angla. X, 0.0084 deg 8from; K, 0.0068 (dog Pfeoc}/re; v,, L.Z5 sec; terbine-apesd changs, 11,840 to 12,410 Tpa;
blade-angle changs, 50.3° to 28.19; losd-torque changs, 504 to 485 foot-poands,
Figurs 8, « Conbinued, Compariem of experimental transient response sud analog soluticus %o remp-typs disturbances 1o apesl setting with

oonstant fuel flow far turbins-propsller sngine and turbine-spesd - blade-angls contro)l system, (Avalog solntlan deterninsd from
barmonio analysis end transfer function approximation.)
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(c) Turbins sposd. K 0.0040 dag fHfrom; K,, 0.0052 (dog B/eac)/rpm; T;;J 1.25 sa¢; turbine-apesd change, 11,440 to 12,080 rpm;
blmds-angle ohange, 26.4° %0 23.4%; load-torous changs, 333 fo 279 foot-pounda,

Fgire 6. - Continusd. Comparison of exparimental tregsisnt respooss and apalog solotions to rexp-type dlsturbanoes in speed sotting with

opastant; fusl flw for torbine-moupellsr sngine snd turbine-speed - blade-angle somtwol aystem. (Anelog solution deternined froa
parmonic analysis and treoxfer funcbion approximetion.)
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(d) Blado angla. K, 0.0040 deg B/rpm; Kj, 0.0032 (deg 8/usc) /rom; Ty, 1,25 sec; turbine-spoed change, 11,440 to 12,080 rpm;

blade-angls ehnge, 28,40 to 23.4%; load-torque changa, 333 to 279 fooi-pounds.
Fimre 6. - Concluded. Comparison of experizental trmnsicnt response and mmalog solutions to remp-typs Aistrbances in spoed setting with

constant fusl flow For turbive-propeller englne and turbine-speed - blade-angle control pystam,

harmonic enalysis end tyensfar function appreccimation. }
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Final spesd change, percent
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Flgure 8., - Computed altitude transient response of turbine speed and blade angle for
turbine-propeller engine and turbine-speed - blade-angls control system with {ixed-

oontrol constanta,
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Figurs 8, ~ Cancluded. Computed mltitude transient response of turbine speed and blade angle for
turbine-~propeller engine and turbins-speed - blade-angls oortrol syslem with fixed-comtrol
conatanta.
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150~ Sea~level response.
ontrol constants varied to maintaln sea-level turbine-speed rasponse
at 35,000 ft.
Control oconstants varied to maintaln sea-level loop gain and ratic of
engine time congtant to control time constant at 35,000 ft.
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Figure 8. - Computed turbine spesed and blade angle transient response at sea level and
35,000 feet of turbine-propeller engine with turbine-speed - blade-angle control
system for varlous values of control constants.
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100 |-

Sea-level response.

Control congtants varied to maintain sea-level turbine~speed response
at 35,000 ft.
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Control constants varied to maintain sea—levqi loop gain and ratio of

engine time constant to control time constant at 35,000 ft.
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Figurs 9. - Concluded. Computed turbine speed and blade angle transient respomse at gea level and
35,000 feet of turbine-propeller engine with turbine-speed - blade-sngle control system for
various valuses of control constants.
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